Accurate pre-mRNA splicing is critical for the correct transmission of information from gene to protein[@R1]. Splicing is catalyzed by the spliceosome, a large and dynamic complex composed of five small nuclear ribonucleoprotein particles (snRNPs) made up of snRNAs and associated polypeptides, as well as many other protein factors[@R2]. Conserved sequences that match degenerate consensus motifs at both ends of introns are essential for splicing[@R1]. As first proposed in 1980[@R3],[@R4], and definitively demonstrated in 1986[@R5], the 5\' ss is initially recognized via base-pairing to the 5\' end of the U1 snRNA. The 5\' ss consensus sequence for the major, or U2-type GT-AG introns in mammals, which comprise \>98% of all introns[@R6], has perfect complementarity to the 5\' end of the U1 snRNA[@R3]--[@R5],[@R7],[@R8], establishing up to eleven base pairs in a defined register, here referred to as the \'canonical\' register ([Fig. 1a](#F1){ref-type="fig"}; see [Methods](#S8){ref-type="sec"}). However, the major spliceosome can accurately recognize a highly diverse set of 5\' ss sequences: using SpliceRack[@R6], a comprehensive database of splice sites, we find 2,503 unique human 5\' ss sequences -- considering only the classical 9-nt motif (see [Methods](#S8){ref-type="sec"}) -- that are used at least three times in the transcribed genome, in 186,630 introns.

Many of these bona-fide 5\' ss have very few predicted base pairs to U1[@R6],[@R9],[@R10], and selection of these atypical 5\' ss cannot be explained by other known mechanisms, such as splicing via the minor, U12-type spliceosome[@R6],[@R11]. We noticed that a subset of atypical 5\' ss have a sequence (ACA/GUUAAGUAU, where / marks the exon-intron boundary) that is reminiscent of the consensus motif ([Fig. 1a](#F1){ref-type="fig"}). This sequence can form only three potential base pairs with the 5\' end of U1 in the canonical scheme (+1G of the 5\' ss base-pairing with C8 of U1); however, this can be increased to 10 base pairs by shifting the 5\' end of U1 snRNA one position downstream of the 5\' ss (+1G of the 5\' ss base-pairing with C9 of U1). We refer to this alternative base-pairing arrangement as the \'shifted\' register. Thus, we hypothesized that these 5\' ss are recognized via shifted base-pairing to the 5\' end of U1, and we present here experimental evidence to support this model.

RESULTS {#S1}
=======

Some 5\' ss do not base-pair to U1 by the canonical register {#S2}
------------------------------------------------------------

To test the shifted base-pairing hypothesis experimentally, we first analyzed the atypical 5\' ss associated with exons 6 and 8 of the human *INPP4A* and *GTF2H1* genes, respectively. We transiently transfected three-exon, two-intron minigene constructs into HeLa cells, and analyzed the inclusion or skipping of the middle exon carrying the atypical 5\' ss by RT-PCR. We found in both cases that the atypical 5\' ss was efficiently used for splicing of the minigene transcripts ([Fig. 1b](#F1){ref-type="fig"}, lane 1) as well as of the endogenous transcripts in HeLa cells ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} online), with slight retention of the second intron in the case of *GTF2H1*.

We also mutated the atypical 5\' ss in both minigenes, so as to restore the consensus nucleotides at positions +3 and/or +6 of the 5\' ss. Paradoxically, these mutant minigenes with improved base-pairing potential to U1 in the canonical register (four or five base pairs) and decreased base-pairing in the shifted register (8 or 9 base pairs) expressed many aberrantly spliced mRNAs, generated by skipping of the internal exon, retention of the second intron, or cryptic 5\' ss activation ([Fig. 1b](#F1){ref-type="fig"}, lanes 2--4). This observation indicates that these 5\' ss are not recognized via the classical base-pairing register with U1 snRNA.

Next, we used *SMN1/2* minigenes[@R12] to test the atypical 5\' ss in a heterologous context. The *SMN1* and *2* paralog pre-mRNAs give different extents of exon 7 inclusion, providing two distinct contexts to analyze the efficiency of the test 5\' ss. This difference is mainly attributable to a single-nucleotide divergence at the sixth position of this exon. Whereas a C in *SMN1* results in virtually complete exon 7 inclusion, a U in *SMN2* results predominantly in exon skipping[@R13], because of the sequence change in a cis-acting element(s) recognized by a splicing activator in *SMN1*[@R12] and/or a repressor in *SMN2*[@R14].

We substituted the natural 5\' ss of *SMN1/2* exon 7 (GGA/GUAAGUCU; eight base pairs with U1) with different versions of the atypical 5\' ss. In *SMN2*, the atypical 5\' ss was three-fold more efficient than the natural one ([Fig. 1c](#F1){ref-type="fig"}, lanes 1 and 2). This finding is remarkable, because all available computational methods[@R15]--[@R22] predict the natural *SMN1/2* exon 7 5\' ss to be much stronger than the atypical 5\' ss ([Table 1](#T1){ref-type="table"}). The splicing compatibility of the atypical 5\' ss with the canonical 3\' splice site of *SMN1/2* exon 8 also indicates that splicing via this 5\' ss is catalyzed by the major spliceosome[@R1].

*SMN1/2* minigenes with mutations at the atypical 5\' ss positions +3 and +6 that restore the consensus nucleotide (but disrupt shifted base-pairing) showed increased exon 7 skipping ([Fig. 1c](#F1){ref-type="fig"}, lanes 3--6), consistent with the above results with the *GTF2H1* and *INPP4A* substrates, and suggesting that the shifted base-pairing register is being used. The simpler mRNA patterns obtained with the *SMN1/2* minigenes made them more amenable to further mutational analyses.

Suppressor U1 analysis demonstrates shifted base-pairing {#S3}
--------------------------------------------------------

We next sought to determine whether the atypical 5\' ss is indeed recognized by shifted base-pairing to U1 ([Fig. 1a](#F1){ref-type="fig"}). To this end, we transfected a series of *SMN1/2* minigenes carrying mutations at the atypical 5\' ss, along with U1 snRNA expression plasmids with compensatory mutations that restore base-pairing. This type of informational suppression analysis is known as suppressor- or shift-U1 experiments[@R5],[@R7]--[@R9],[@R23]--[@R25].

First, we tested a series of mutations that introduced a consensus nucleotide at different positions of the atypical 5\' ss ([Fig. 2a,b](#F2){ref-type="fig"}; [Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"} online). All mutations, with the exception of −2A and −1G in the *SMN1* context, resulted in partial or complete loss of exon 7 inclusion, further indicating that canonical base-pairing with U1 does not occur at the atypical 5\' ss ([Fig. 2c](#F2){ref-type="fig"}). The corresponding suppressor U1 snRNAs in the shifted base-pairing register partially restored exon 7 inclusion for some of these mutants: +5G and +7A in *SMN1* ([Fig. 2c](#F2){ref-type="fig"}, upper panel, lanes 8--9 and 12--13), and −1G and +5G in *SMN2* ([Fig. 2c](#F2){ref-type="fig"}, lower panel, lanes 4--5 and 8--9). For one mutant 5\' ss, +3A in the *SMN1* context, the suppressor U1 snRNA decreased exon 7 inclusion ([Fig. 2c](#F2){ref-type="fig"}, upper panel, lanes 6--7), perhaps reflecting a block in a subsequent step in the splicing reaction. The −2A and +6U mutations could not be rescued by suppressor U1s in either of the two contexts. The −2A mutation resulted in very slight exon 7 skipping. The +6U mutation (as well as +6C in [Fig. 3](#F3){ref-type="fig"}, see below) was not rescued by suppressor U1, perhaps because this mutation eliminates a strong G-C base pair essential for efficient binding of U1. Nevertheless, the rescue of exon 7 inclusion by suppressor U1s for mutants −1G, +5G and +7A is consistent with the hypothesis that atypical 5\' ss are recognized via shifted base-pairing to U1.

Second, we analyzed a series of mutant 5\' ss with a C at one intronic position (+3 to +6), with or without co-transfected suppressor U1 snRNAs carrying the compensatory mutation in either the classical or the shifted register ([Fig. 3a](#F3){ref-type="fig"}, [Supplementary Fig. 2b--d](#SD1){ref-type="supplementary-material"} online). We chose the nucleotide C because it cannot form a base pair with wild-type U1 in either of the two arrangements. In all cases, each mutation resulted in predominant *SMN1/2* exon 7 skipping ([Fig. 3b](#F3){ref-type="fig"}). Splicing via the mutant 5\' ss with C at positions +4 or +5 was rescued by suppressor U1s in the shifted, but not in the canonical base-pairing register ([Fig. 3b](#F3){ref-type="fig"}, lanes 5--10). Splicing via the +3C mutant 5\' ss in *SMN1* was rescued by both suppressor U1s ([Fig. 3b](#F3){ref-type="fig"}, lanes 2--4), but the suppressor in the shifted register showed substantially higher activity. We also tested for suppression of the +4C mutation in the *INPP4A* and *GTF2H1* minigenes, and found that the suppressor U1 in the shifted but not in the canonical register restored recognition of the mutant 5\' ss ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"} online). Furthermore, analysis of 5\' ss with two mutations in the context of *SMN1/2* minigenes gave consistent results ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"} online). Although not all suppressor U1s are effective in this type of experiment[@R5],[@R7],[@R8], our data show that many of the suppressor U1 snRNAs in the shifted register can rescue mutations at atypical 5\' ss. Together, our U1-suppressor experiments formally demonstrate that recognition of these 5\"ss is mediated by base-pairing to U1 that is shifted by one nucleotide, relative to the canonical scheme.

Atypical 5\' ss are recognized by U1 and not U1A7 snRNA {#S4}
-------------------------------------------------------

Recently, Kyriakopolou et al.[@R26] reported the expression of three human U1 snRNA variants with 5\' ends different from that of U1, and several nucleotide changes at other positions. Interestingly, the U1A7 snRNA 5\' end has perfect complementarity to the atypical 5\' ss, also in the shifted register. To test the role of the U1A7 snRNA in the recognition of atypical 5\' ss, we performed a series of experiments with suppressor U1/U1A7 snRNAs or RNA decoys.

We used suppressor U1 and U1A7 snRNAs both in the canonical or shifted register to try to rescue the +4C mutation in the *SMN1/2* contexts ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"} online). In addition, the 5\' ends and the snRNA bodies of U1 and U1A7 were swapped to make chimeric snRNAs. None of the suppressors with the U1A7 snRNA body rescued exon 7 inclusion. With the U1 body, both the U1 and U1A7 5\' ends carrying the compensatory mutation in the shifted but not in the canonical register rescued splicing. As expected, the 5\' end of U1A7 was more effective than that of U1, because it can form an extra base pair to the +4C 5\' ss. However, due to the lack of activity of suppressors with the U1A7 body, the much greater abundance of U1, and the fact that an snRNA with the U1 body and the U1A7 5\' end does not exist in human cells, we infer that U1A7 is not involved in the recognition of atypical 5\' ss.

In addition, we used U1- and U1A7-specific RNA decoys to further test which of these two transacting factors is involved in the recognition of atypical 5\' ss ([Fig. 4](#F4){ref-type="fig"}). The D1 and D7 decoys are short RNAs that carry a sequence with perfect complementarity to the 5\' end of U1 or U1A7 snRNAs, respectively ([Fig. 4a](#F4){ref-type="fig"}). The D1 decoy has the consensus 5\' ss sequence, and the D7 decoy has the atypical 5\' ss sequence. We determined that RNA decoys bind to their cognate snRNAs only when they have perfect complementarity to them ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"} online), thereby reducing the free levels of these snRNPs in the cell and affecting the splicing of certain introns (data not shown). The decoy RNAs were cotransfected with *SMN1/2* minigenes with the natural exon 7 5\' ss or the atypical 5\' ss. The D1 decoy reduced recognition of both the natural ([Fig. 4b](#F4){ref-type="fig"}, lane 11 vs. 10) and the atypical 5\' ss in exon 7 ([Fig. 4b](#F4){ref-type="fig"}, lanes 2--5 vs. 1) in a dose-dependent manner. The D7 decoy did not substantially affect recognition of the atypical 5\' ss ([Fig. 4b](#F4){ref-type="fig"}, lanes 6--9 vs. 1), and had only a subtle effect on the natural exon 7 5\' ss ([Fig. 4b](#F4){ref-type="fig"}, lane 12 vs. 10). The results obtained with the U1/U1A7 suppressors and the decoys demonstrate that both the atypical and the natural *SMN1/2* exon 7 5\' ss are recognized by the same transacting factor, U1 snRNA, and not by U1A7.

Atypical 5\' ss do not base-pair to U6 in a shifted register {#S5}
------------------------------------------------------------

During spliceosome assembly, U1 is displaced from the 5\' ss to allow base-pairing of U5 and U6 snRNAs to the exonic and intronic portions of the 5\' ss, respectively[@R27]--[@R31]. This replacement is critical for spliceosome assembly and catalysis. The atypical 5\' ss has an extended potential base-pairing to the phylogenetically invariant U6 ACAGAG box, when its position is shifted by one nucleotide ([Fig. 5a](#F5){ref-type="fig"}; six vs. three base pairs). To test whether this shifted base-pairing to U6 can occur, we used suppressor U6 snRNAs[@R30],[@R32]--[@R34] in combination with suppressor U1 snRNAs to try to rescue atypical 5\' ss mutations in the *SMN1/2* context ([Fig. 5b,c](#F5){ref-type="fig"}, and [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"} online). Suppressor U6s with only one compensatory mutation had no effect on exon 7 inclusion ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"} online), but suppressor U6s with several mutations did ([Fig. 5b,c](#F5){ref-type="fig"}). Suppressor U6 in the canonical register resulted in higher levels of exon 7 inclusion than suppressor U6 in the shifted register ([Fig. 5c](#F5){ref-type="fig"}, lanes 5 and 6 in *SMN2*). These data suggest that shifted base-pairing between the atypical 5\' ss and U6 does not occur. In other words, the same positions of the 5\' ss base-pair to the same positions in U6 in both conventional and atypical 5\' ss, such as U at 5\' ss position +2 base-pairing to 45A in U6. This observation is consistent with the proposed prominent role of the 5\' ss/U6 RNA helix in catalysis[@R1],[@R31] (see [Discussion](#S7){ref-type="sec"}).

Estimated counts and conservation of atypical 5\' ss {#S6}
----------------------------------------------------

Atypical 5\' ss that can be recognized by shifted base-pairing to the U1 snRNA 5\' end are present in the five genomes in the SpliceRack database[@R6]: *H. sapiens, M. musculus, D. melanogaster, C. elegans* and *A. thaliana* ([Table 2](#T2){ref-type="table"} and [Supplementary Tables 1 and 2](#SD1){ref-type="supplementary-material"} online). Conservative estimates of the number of 5\' ss recognized by this new mechanism, based on our current understanding of the shifted base-pairing requirements, range from 20 in *D. melanogaster* to 115 in *A. thaliana*. Remarkably, the *C. elegans* genome, which has lost all minor, U12-type introns[@R6], has 63 5\' ss predicted to be recognized by shifted base-pairing. Furthermore, a comparison of orthologous 5\' ss pairs between human and mouse showed that the shifted base-pairing arrangement is partially conserved (\~50%): we found 27 atypical 5\' ss that have either no nucleotide change between the two species, or have changes that maintain shifted base-pairing to U1; in contrast, we found 21 orthologous 5\' ss pairs recognized by shifted base-pairing in only one of the two species ([Supplementary Table 2](#SD1){ref-type="supplementary-material"} online). These predictions strongly suggest that shifted base-pairing between 5\' ss and U1 is a minor but phylogenetically widespread phenomenon, and that many of these atypical 5\' ss are conserved.

DISCUSSION {#S7}
==========

Here we have shown a phylogenetically conserved mechanism of 5\' ss selection by shifted base-pairing to U1 snRNA, with important implications for genomics, evolution, and human disease. Shifted base-pairing provides a basis for the efficient recognition of a subset of 5\' ss that are predicted to be very weak ([Table 1](#T1){ref-type="table"}). This unprecedented mechanism also reveals that the interaction between the 5\' ss and U1 is not as rigid as previously believed, allowing for alternative base-pairing arrangements that result in efficient splicing. The plasticity of the interaction between the 5\' ss and U1 is probably tolerated because the U1 snRNP defines the 5\' ss early on, and is displaced from the spliceosome prior to catalysis[@R1],[@R31]. Furthermore, the 5\' ss and U6 snRNA do not appear to show such base-pairing flexibility. Shifted base-pairing between atypical 5\' ss and U6 would imply that an extra nucleotide has to be inserted between the 5\' ss/U6 helix and the scissile bond. Since the 5\' ss/U6 helix is at the spliceosomal catalytic core[@R35], subtle perturbations of the positioning of this helix could impair catalysis. Thus, whereas U1 has enough flexibility to recognize the atypical 5\' ss in a shifted register, U6 probably needs to base-pair in the conventional register to allow the first trans-esterification step to occur at the correct position.

Early in splicing, 5\' ss and neighboring sequences are also bound by proteins that influence base-pairing to U1 and hence 5\' ss selection[@R22]. For instance, the U1-snRNP-specific polypeptide U1C binds to the 5\' ss prior to base-pairing with U1[@R36],[@R37]. Shifted base-pairing between the 5\' ss and U1 could also rely on proteins by mechanisms that might differ from those for canonical base-pairing. In addition, proteins involved in 5\' ss selection perhaps account for the differences in splicing patterns seen for different mutations at atypical 5\' ss, as well as for the differences in rescue by suppressor U1s ([Fig. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}, [Supplementary Fig. 3 and 4](#SD1){ref-type="supplementary-material"} online).

We ruled out the possibility that atypical 5\' ss are recognized by the U1 snRNA variant U1A7[@R26] instead of U1. We have shown that suppressor U1A7 snRNAs did not rescue mutations at atypical 5\' ss ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"} online), and that the U1A7-specific decoy D7 did not compromise recognition of any 5\' ss ([Fig. 4](#F4){ref-type="fig"}). Since these atypical 5\' ss were the most likely 5\' ss to be recognized by U1A7, considering their perfect complementarity (11 bp), our data also suggest that U1A7 is unlikely to function in splicing. Nevertheless, it remains possible that U1A7 is involved in processes other than splicing, as is U1[@R18],[@R38],[@R39], or that other U1 variants[@R26] play a role in 5\' ss selection.

A mechanism distinct from shifted base-pairing was proposed for one unusual intron in the *HOP2* gene in *S. cerevisiae*[@R40]. Mutational analysis of this non-canonical 5\' ss suggested that it is recognized via an alternative base-pairing arrangement with U1, involving a bulged nucleotide at position +2 or +3 of the 5\' ss. In the case of the human atypical 5\' ss we analyzed here, our mutational analyses and suppressor U1 data for position −1 ([Fig. 2c](#F2){ref-type="fig"}, lanes 4,5) rule out the possibility of a bulged nucleotide in the interaction between these atypical 5\' ss and U1: the rescue of the −1G mutation in *SMN2* by the U1 suppressor C10 indicates that the exonic positions of the atypical 5\' ss base-pair to U1 in the shifted register. This observation rules out a base-pairing register between the atypical 5\' ss and U1 that involves a bulged nucleotide at the 5\' ss, as this arrangement implies that position −1 would not base-pair to position 10 of U1.

Our study leaves open the possibility that other subclasses of atypical 5\' ss base-pair to U1 in other \'shifted\' registers. We searched SpliceRack[@R6] for other base-pairing arrangements between 5\' ss and U1, by shifting the 5\' end of U1 by two or three positions downstream, as well as by shifting it by one-three positions upstream (data not shown). We found very few (15 or less) 5\' ss for each of these categories. Furthermore, most of these 5\' ss can establish a similar number of base pairs to U1 in the canonical register, as opposed to the atypical 5\' ss analyzed in this study ([Supplementary Table 2](#SD1){ref-type="supplementary-material"} online). We conclude that if other shifted base-pairing arrangements between naturally-occurring 5\' ss and U1 actually occur, the number of 5\' ss recognized by these putative mechanisms should be far lower than the counts for atypical 5\' ss presented here ([Table 2](#T2){ref-type="table"}). Finally, we did not find any obvious candidate 5\' ss that could be recognized by shifted base-pairing to U11 snRNA or to the other two U1 variants[@R26] (data not shown).

Interestingly, a +5 A to G mutation at the atypical 5\' ss (AGA/GUUAAGUAU) in intron 2 of the human *RARS2* gene results in exon 2 skipping and is associated with pontocerebellar hypoplasia[@R41]. The pathogenic effects of this mutation, which paradoxically changes a non-consensus to a consensus nucleotide, can now be explained by weakening of shifted base-pairing between this 5\' ss and U1: an A-Ψ base pair at position +5 is substituted by a weaker wobble G-Ψ base pair in the shifted register. Indeed, we found that this transition at a similar atypical 5\' ss tested in the *SMN1/2* context compromised exon 7 inclusion, and exon 7 inclusion could be partially rescued by the U1 suppressor C5, which restored shifted base-pairing ([Fig. 2c](#F2){ref-type="fig"}, lanes 8 and 9). Thus, shifted base-pairing can explain the effects at the molecular level of the +5 A to G mutation in intron 2 of the human *RARS2* gene. These observations further strengthen the shifted base-pairing hypothesis, and highlight its implications for molecular diagnosis of 5\' ss mutations[@R10],[@R41],[@R42].

Atypical 5\' ss that are recognized by shifted base-pairing to U1 snRNA are found in a wide range of eukaryotic genomes. Even though the estimated number of these atypical 5\' ss in the genome is rather low at present, further experimental analysis of the tolerance of mutations at these 5\' ss will very likely expand the set of predicted atypical 5\' ss. Furthermore, experimental analysis of the numerous 5\' ss sequences that can potentially base-pair to U1 with similar stability in both registers should allow a reassessment of their mechanism of recognition. In addition, characterization of this alternative mechanism of 5\' ss selection should prompt a recalculation of the 5\' ss motifs recognized in each base-pairing register, as these two categories of 5\' ss should have different consensus motifs ([Fig. 1a](#F1){ref-type="fig"}). This in turn could lead to improved splice-site prediction tools, considering that all current 5\' ss scoring methods estimate these atypical 5\' ss to be very weak ([Table 1](#T1){ref-type="table"}). Finally, this study should facilitate the development of improved algorithms to find genes and exons in sequenced genomes, as well as to predict the effects of disease-causing mutations and SNPs that map at these atypical 5\' ss.

METHODS {#S8}
=======

In silico analyses {#S9}
------------------

In addition to base-pairing to the classical 5\' ss motif spanning from positions −3 to +6, we took into account positions +7 and +8, which can also base-pair to U1 and contribute to splicing[@R18],[@R43],[@R44], even though they do not show appreciable conservation in 5\' ss compilations[@R6].

The SpliceRack database is a comprehensive collection of splice sites from five different genomes[@R6]: *Homo sapiens*, *Mus musculus*, *Drosophila melanogaster*, *Caenorhabditis elegans* and *Arabidopsis thaliana*. We used the built-in tool \'Locate splice site sequence patterns\' to search for 5\' ss that are presumably recognized via shifted base-pairing. We restricted the query to \'splice-site type GT_AG_U2, donor\', and \'motif start position 5\'. We used the following query sequences: NNHGTYRAGT, NYGGTYRAGT, NYAGTRRAGT, NYAGTYYAGT, NYAGTYRBGT, NYAGTYRAHT, and NYAGTYRAGV, where N = A, G, C, or T; Y = C or T; R = A or G; H = A, T, or C; B = G, C, or T; V = G, A, or C. We chose these patterns to single out 5\' ss that base-pair to U1 much more efficiently in the shifted than in the canonical register. We selected the intronic positions (+3 to +7) to base-pair to U1 in the shifted but not in the canonical register, but also allowing for one nucleotide mismatch to the putative \'shifted\' consensus (CA/GUUAAGU). The requirements for the exonic positions (−2 and −1) are less stringent, in that mutations at these positions have weaker effects ([Fig. 2](#F2){ref-type="fig"}). We avoided sequences with U2-type consensus nucleotides at both positions −2 and −1 (−2A−1G) in the searches, because this combination substantially strengthens canonical base-pairing to U1.

We performed all searches for the five species, retrieved and manually curated hits using the ENSEMBL[@R45] and UCSC[@R46] genome browsers. We also derived human-mouse orthologous pairs of 5\' ss. In many cases, the orthologous gene or intron could not be identified in the other species. Nevertheless, the comparison of 5\' ss between human and mouse resulted in the addition of a few extra 5\' ss to the lists from both species, because these genes were missing from the SpliceRack database in one of the species. We provide the total counts of 5\' ss predicted to be recognized by shifted base-pairing to U1 snRNA in [Table 2](#T2){ref-type="table"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"} online, as well as the counts for conserved human-mouse orthologous pairs. We show the complete list of atypical 5\' ss for the five species in [Supplementary Table 2](#SD1){ref-type="supplementary-material"} online.

We calculated the 5\' ss scores using several methods[@R15]--[@R21]. See Refs[@R18],[@R22] for detailed descriptions and comparisons between algorithms.

Cloning procedures {#S10}
------------------

We amplified the three-exon and two-intron *GTF2H1* and *INPP4A* fragments from human genomic DNA and subcloned them into the pcDNA3.1+ vector (Invitrogen). We internally deleted intron 5 of *INPP4A* to leave only 225 nt at each end. Likewise, we deleted intron 7 of *GTF2H1* to leave only 200 nt at each end. The *SMN1/2* mutant minigenes in the pCI vector were previously described[@R12]. The U1 and U6 expression plasmids, termed pN/S6 and pGemU6, respectively, were a generous gift from N. Hernandez. We derived the plasmid containing the decoy RNAs from the pU6/Hae/RA.2 plasmid[@R47], also obtained from N. Hernandez. This plasmid includes a U6 RNA pol III promoter and 27 nucleotides of the U6 snRNA 5\' stem-loop structure to stabilize the small RNA[@R48]. In addition, we added unique restriction sites to subclone the different decoy RNA sequences, as well as a pol III termination sequence.

We used PCR mutagenesis with Pfu I Turbo (Stratagene) and oligonucleotides carrying the various mutations to generate the different mutant constructs. The sequences of all the primers used in this study are available upon request. We digested the PCR products with Dpn I (New England Biolabs) prior to transformation of competent DH5α cells. We verified all mutants by DNA sequencing.

Minigene transfection into HeLa cells {#S11}
-------------------------------------

We cultured HeLa cells in Dulbecco\'s modified Eagle\'s medium (DMEM, Invitrogen) containing 10% (v/v) fetal bovine serum and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin). We mixed the various *GTF2H1*, *INPP4A*, or *SMN1/2* plasmid constructs with control or suppressor U1/U6, or decoy plasmids, and with the pEGFP-N1 plasmid (Clontech). For the suppressor snRNA experiments, we transfected 80 ng of the *SMN1/2* minigene and EGFP-N1 plasmids, and 800 ng of control (pcDNA3.1+ or pUC19) or suppressor U1/U6 plasmid. For the decoy experiments, we transfected 55 ng of the *SMN1/2* minigene and EGFP-N1 plasmids, and 890 ng of decoy plasmids. We transfected a total of 1 µg of plasmid mixture into \~50%-confluent HeLa cells in 6-well plates, using FuGENE 6 (Roche Diagnostics) at a 3:1 (plasmid:reagent) ratio.

RNA extraction, reverse transcription, and PCR {#S12}
----------------------------------------------

We harvested cells 48 hr after transfection, and extracted total RNA using TRIzol (Invitrogen). We eliminated residual DNA by RQ-DNase1 (Promega) digestion, and we phenol-extracted and ethanol-precipitated the RNA. We used a total of 1 µg of RNA for reverse transcription with Superscript II RT (Invitrogen) and oligo-dT as a primer.

We amplified cDNAs derived from expression of the pcDNA3.1+ constructs by PCR using primers located in the transcribed portion of the plasmid. We amplified cDNAs from endogenous *GTF2H1* and *INPP4A* transcripts using primers in the exons flanking the exon with the atypical 5\' ss. We amplified cDNAs from the *SMN1/2* minigenes with pCI-Fwb and pCI-Rev primers[@R12]. In each case, we radiolabeled the 5\' end of one of the PCR primers using T4 polynucleotide kinase (New England Biolabs) and γ-^32^P-ATP, and we purified the primers using MicroSpin G-25 columns (GE Healthcare). We performed 23 cycles of PCR, ensuring that amplification remained in the exponential phase (data not shown). We separated the PCR products by 6% native PAGE, followed by phosphorimage analysis to quantify the intensity of the bands. We performed three experimental replicas (RT-PCRs from three independent transfections) to derive the mean percentage of inclusion for each experiment. In all cases, the standard deviations were \<5%, such that the exon-inclusion percentage values can be compared between experiments. We determined the identity of each PCR product by using the Original TA Cloning kit (Invitrogen) to subclone gel-purified bands, followed by sequencing on an ABI3730 automated sequencer.

Supplementary Material {#SM}
======================
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![Shifted base-pairing between atypical 5\' ss and the 5\' end of U1 snRNA\
**a,** Diagram of the two base-pairing registers between the 5\' ss (positions are numbered) and U1. Consensus nucleotides are shown in red in all figures (see [Methods](#S8){ref-type="sec"}). Ψ, pseudouridine. Solid dot, 2,2,7-trimethylguanosine cap at the 5\' end of U1. Box, upstream exon; line, intron. Base pairs in the canonical (C) or shifted (S) register are indicated by vertical lines. Note that the atypical 5\' ss can form seven more base pairs to U1 in the shifted arrangement. **b,** Mutations at atypical (Atp) 5\' ss that disrupt shifted but enhance canonical base-pairing abolish correct splicing. The human *GTF2H1* and *INPP4A* minigenes are schematically represented at the top, indicating the mutations introduced at the atypical 5\' ss. M, Molecular weight markers. The identity of the various spliced mRNAs, detected by radioactive RT-PCR, is schematically shown on the left of the gels and corresponds to: \#1, correctly spliced mRNA; \#2, retention of the downstream intron; \#3, use of cryptic 5\' ss in the middle exon; \#4, skipping of the middle exon; \#5, activation of a cryptic 5\' ss in the first exon. The percentage of correct splicing is shown at the bottom. See [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} online for details about the aberrantly spliced mRNAs. **c**, RT-PCR analysis of the atypical 5\' ss in the *SMN1/2* context (schematic at the top). Nat, natural *SMN1/2* exon 7 5\' ss. Numbers below the panels show the percentage and Standard Deviation (SD) of exon 7 inclusion.](nihms84227f1){#F1}

![Suppressor U1 snRNAs in the shifted register can rescue splicing\
**a,** Schematic of the single mutations introduced at the atypical 5\' ss in the *SMN1/2* context. These mutations substitute a non-consensus nucleotide by a consensus nucleotide. **b,** Base-pairing of the mutant 5\' ss with the corresponding suppressor U1 snRNA. As an example, we show the base-pairing of the +5G mutant 5\' ss with the suppressor U1 snRNA carrying the corresponding compensatory mutation (C5) in the shifted register. The mutant nucleotide at the 5\' end of U1 in each case is shown in red. See [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"} online for the base-pairing of all mutant 5\' ss with their respective suppressor U1s. **c,** RT-PCR analysis of the *SMN1/2* minigenes carrying the wild-type (lane 1) or mutant atypical 5\' ss (lanes 2--13). The 5\' ss mutation is indicated at the top, without (−) or with (+) the corresponding suppressor U1 snRNA. The mRNA products are schematically indicated on the left of each panel. The fastest migrating band in *SMN1* corresponds to an mRNA that skipped exon 7 and used a cryptic 5\' ss 50 nucleotides upstream of the exon 6 5\' ss. The percentage and Standard Deviation (SD) of exon 7 inclusion is indicated below each autoradiogram.](nihms84227f2){#F2}

![Compensatory U1 mutations that restore shifted but not canonical base-pairing rescue splicing at atypical 5\' ss\
**a,** Scheme of the experimental design. *SMN1/2* minigenes carrying point mutations at a heterologous atypical 5\' ss in exon 7 were co-transfected with suppressor U1 snRNAs. The 5\' ss nucleotides at positions +3 to +6 were individually mutated to C (+3C to +6C). The 5\' end of U1 was mutated so as to rescue base-pairing in the canonical or the shifted arrangement (suppressor U1 mutations G3 to G6). Mutant +4C is shown as a representative example, for which U1 mutations G5 or G6 restore base-pairing in the canonical (C) or shifted (S) register, respectively. For the other three mutations, see [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"} online. **b,** RT-PCR analysis of the +3C to +6C 5\' ss mutations in *SMN1/2* with suppressor U1. Top labels indicate the 5\' ss mutant and the suppressor U1 in either register. Atp, wild-type atypical 5\' ss. The percentage and Standard Deviation of exon 7 inclusion is shown below each autoradiogram.](nihms84227f3){#F3}

![U1 but not U1A7 snRNA decoys reduce splicing via the atypical 5\' ss\
**a,** Schematic of the U1 (black) and U1A7 (green) snRNA decoys. The D1 and D7 decoys are short RNAs expressed from the potent U6 promoter, and comprise the first 27 nucleotides of the U6 snRNA for stability, and a sequence with perfect complementarity to the 5\' end of U1 (black) or U1A7 (green) snRNAs, respectively. These decoys reduce the free levels of their cognate snRNAs in the cell, affecting the splicing of certain introns. **b,** The D1 but not the D7 decoy reduced *SMN1/2* exon 7 inclusion in minigenes carrying the natural or an atypical 5\' ss. The top labels indicate the identity of the 5\' ss in exon 7 and the decoy used. The triangle depicts an increasing amount of decoy plasmid transfected with the minigene.](nihms84227f4){#F4}

![U6 snRNA does not base-pair to the atypical 5\' ss in a shifted register\
**a,** Schematic of the base-pairing between consensus (left) or atypical (right) 5\' ss and the conserved U6 ACAGAG box (positions are numbered). The open dot indicates the γ-monomethyl cap. The atypical 5\' ss has an extended base-pairing potential to U6 in the shifted register. **b,** Schematic of the suppressor U6 snRNAs carrying compensatory mutations in either the canonical (C) or the shifted (S) register. These mutations (blue font) restore base-pairing for the +5C mutation at atypical 5\' ss in the *SMN1/2* context. **c,** RT-PCR analysis of the *SMN1/2* minigenes cotransfected with suppressor U1 and U6 snRNAs. Top labels indicate the suppressor U1/U6 used. wt, wild-type U6 snRNA. Suppressor U6s alone had no effect (lanes 3, 4 vs. lane 1). In combination with suppressor U1, suppressor U6 in the canonical register resulted in more exon 7 inclusion than suppressor U6 in the shifted register (lanes 5 and 6 in *SMN2*). These results suggest that atypical 5\' ss establish canonical base-pairing to U6 snRNA.](nihms84227f5){#F5}

###### 

Scores of the *SMN1/2* exon 7 5\' ss (upper sequence) and of the atypical 5\' ss (lower sequence).

     S&S[i](#TFN1){ref-type="table-fn"}   ΔG[ii](#TFN2){ref-type="table-fn"}   H-Bond[iii](#TFN3){ref-type="table-fn"}   NN[iv](#TFN4){ref-type="table-fn"}   MAXENT[v](#TFN5){ref-type="table-fn"}   MDD[vi](#TFN6){ref-type="table-fn"}   MM[vii](#TFN7){ref-type="table-fn"}
  -- ------------------------------------ ------------------------------------ ----------------------------------------- ------------------------------------ --------------------------------------- ------------------------------------- -------------------------------------
     77.48                                −8.70                                14.50                                     0.99                                 8.57                                    12.28                                 6.36
     51.65                                −2.20                                1.90                                      0.00                                 −12.18                                  −2.72                                 −4.30

Shapiro and Senapathy Consensus Value, a position-weight matrix[@R15],[@R16].

Free energy of the 5\' ss/U1 RNA duplex in the canonical register[@R17].

An algorithm based on the hydrogen bonding of the 5\' ss/U1 base-pairing in the canonical register[@R18].

Neural Network, a machine learning approach[@R19].

Maximum Entropy Model, an algorithm that considers dependencies between positions[@R20],[@R21].

Maximum Dependence Decomposition, a decision-tree approach[@R20],[@R21].

First order Markov Model, an algorithm that considers dependencies between adjacent positions[@R20],[@R21]. See refs[@R18],[@R22] for detailed descriptions of these methods.

###### 

Counts for the atypical 5\' ss in five species, and for the conserved 5\' ss between human and mouse

  --------------------------------------------------------------------------------
              Homo\     Mus\       Drosophila\    Caenorhabditis\   Arabidopsis\
              sapiens   musculus   melanogaster   elegans           thaliana
  ----------- --------- ---------- -------------- ----------------- --------------
  Total       59        59         20             63                115

  Conserved   27        27                                          
  --------------------------------------------------------------------------------
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